PURPOSE: Here we demonstrate the potential of multispectral optoacoustic tomography (MSOT), a new noninvasive structural and functional imaging modality, to track the growth and changes in blood oxygen saturation (sO 2 ) in orthotopic glioblastoma (GBMs) and the surrounding brain tissues upon administration of a vascular disruptive agent (VDA). METHODS: Nude mice injected with U87MG tumor cells were longitudinally monitored for the development of orthotopic GBMs up to 15 days and observed for changes in sO 2 upon administration of combretastatin A4 phosphate (CA4P, 30 mg/kg), an FDA approved VDA for treating solid tumors. We employed a newly-developed non-negative constrained approach for combined MSOT image reconstruction and unmixing in order to quantitatively map sO 2 in whole mouse brains. RESULTS: Upon longitudinal monitoring, tumors could be detected in mouse brains using single-wavelength data as early as 6 days post tumor cell inoculation. Fifteen days post-inoculation, tumors had higher sO 2 of 63 ± 11% (n = 5, P b .05) against 48 ± 7% in the corresponding contralateral brain, indicating their hyperoxic status. In a different set of animals, 42 days post-inoculation, tumors had lower sO 2 of 42 ± 5% against 49 ± 4% (n = 3, P b .05) in the contralateral side, indicating their hypoxic status. Upon CA4P administration, sO 2 in 15 days post-inoculation tumors dropped from 61 ± 9% to 36 ± 1% (n = 4, P b .01) within one hour, then reverted to pre CA4P treatment values (63 ± 6%) and remained constant until the last observation time point of 6 hours. CONCLUSION: With the help of advanced post processing algorithms, MSOT was capable of monitoring the tumor growth and assessing hemodynamic changes upon administration of VDAs in orthotopic GBMs.
Introduction
Optoacoustic tomography (OT) is emerging as an indispensable tool, both preclinically and clinically, to non-invasively visualize hemoglobin concentration and oxygenation. Its capacity to visualize anatomical structures and distinguish between different endogenous chromophores, including oxy and deoxy-hemoglobin, based on their distinct absorption spectra, with both high spatial and temporal resolution at centimeter-scale depths in living tissues [1, 2] , opens new avenues for studying many oxygenation-related pathologies [3] [4] [5] [6] [7] [8] [9] [10] [11] . In preclinical studies, OT has been chiefly employed for visualization of morphology and oxygenation status of tumor xenografts in order to unveil the link between poor oxygenation and therapeutic outcomes. Static OT readouts from subcutaneous tumors offered insights into the vessel developments in tumor [12, 13] , visualize the hemodynamic changes in response to vascular disrupting therapeutic agents [8, 14] and predict therapeutic response [15] and recurrence [16] . In addition, dynamic OT readouts facilitated the acquisition of vascular information to understand spatial heterogeneity and evolution, which could ultimately serve for cancer diagnosis and staging [7] . However, subcutaneous tumor models are often not capable of simulating the cancer environment as good as their orthotopic counterparts [17] [18] [19] , thus questioning their utility as essential systems in studying tumor biology or identifying therapeutic agents. Anatomical and functional OT imaging of orthotopic tumors may therefore help with better simulating human malignancies and understanding their microenvironment.
Previously, we have demonstrated the utility of Multispectral Optoacoustic Tomography (MSOT) to investigate orthotopic brain tumors using exogenous contrast agent [20] . Burton et al. [2] and Ni et al. [21] have investigated the utility MSOT for identifying hypoxic areas in mouse brain. In the current study, we investigated the performance of MSOT method in identifying tumors from the midst of brain tissues and understand their vascular dynamics upon administration of combretastatin A4 phosphate (CA4P), an FDA approved vascular disruptive agent for treating solid tumors. For this, an orthotopic U87MG glioma model was employed, which has been extensively used in preclinical studies to identify therapeutic agents [22, 23] and whose molecular profile is known to simulate a subclass of human glioblastoma [24] . Additionally, in order to quantitatively map sO 2 in whole mouse brains, we employed a newly-developed non-negative constrained approach for combined MSOT image reconstruction and unmixing [25] , the advantage of which compared to state-of-the-art back projection methods being reduced critical image artifacts, thus maximizing the available information. Specifically, the objectives of this study have been to investigate the MSOT performance in identifying orthotopic gliomas based on single wavelength information, evaluate their growth over time, visualize sO 2 in the tumor versus the rest of the brain and investigate hemodynamic changes upon administration of a vascular disruptive agent.
Materials and Methods

Animal Model and Procedures
All animals were housed in Biological Resource Centre, which is an Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC)-accredited facility. All procedures performed on animal models were carried out under guidelines of Institutional Animal Care and Use Committee (IACUC) as approved in the protocol #140898 and #151085. The orthotopic tumor model was created by stereotaxic injection of U87MG cells into the brains of female NCr nude mice (age: 6-7 weeks old). In brief, 5-6 × 10 6 cells/ mL were prepared in sterile 1× PBS. The animal was anesthetized under 2-3% isoflurane. The head was fixed to a digital stereotaxic system (Stoelting Co.) and a burr hole was made on the skull using a 23G sterile needle at 2 mm behind bregma, 1.5 mm to the right from the midline. A 10 μl NANOFIL syringe (World Precision Instruments, Inc.) pre-filled with cells was prepared and the needle was inserted 3 mm into the brain parenchyma through the burr whole. Five μl volume of cells was injected at a rate of 1 μl/min using an infusion pump (KD Scientific Inc.). After injection, the needle was removed, the burr hole was covered with bone wax, and the incision sutured with poly-lysine thread. The animals were given analgesics (Buprenorphine) and antibiotics (Enrofloxacin) over 5 days postsurgery. Tumor growth was monitored up to 15 days using MSOT. Vascular perturbation study was done by injecting 30 mg/kg of Fosbretabulin (CA4P, SelleckChem) intravenously.
Animal Preparation for Imaging
All animals were imaged under 2-3% isoflurane using medical air. For MSOT imaging of the brain, the animal was placed in supine position in a holder. Coupling gel was applied to the region of interest. The animal was wrapped in a thin polyethylene membrane and introduced into the water chamber (maintained at 34°C) for imaging. Throughout the imaging session, all animals were maintained at a respiration rate of 70 to 90 breaths per minute by manually adjusting the isoflurane.
MSOT Imaging
MSOT imaging was performed using the inVision 512 smallanimal MSOT system (iThera Medical GmbH, Munich, Germany). The system consists of a 512-element concave transducer array with a central frequency of 5 MHz spanning a circular arc of 270°to detect optoacoustic signals. Light excitation was provided with a tunable (700-900 nm) optical parametric oscillator (OPO) laser guided via a fiber bundle to the sample. The transducer array and fiber bundle output arms were submerged in a water bath maintained at 34°C. The animal was moved through the transducer array along its axis to acquire information as transverse image slices across the desired volume of interest (VOI). For data acquisition, a VOI of multiple transverse slices was set up with a step size of 0.5 mm and the acquired optoacoustic signals were averaged over 10 consecutive laser pulses for each recorded wavelength (715, 730, 760, 800, and 850 nm).
Image Processing and Data Analysis
In order to facilitate quantitative data analysis and avoid negative value artifacts commonly present in optoacoustic images reconstructed with back projection algorithms [26] , we employed a combined model-based reconstruction and unmixing framework incorporating non-negative constrained inversion [25] . Basically, the method is based on the discretization of the optoacoustic forward model to build a linear set of equations, associated to a model-matrix, that represent the recorded pressure values at different locations and different wavelengths. The reconstruction-unmixing process is based on the least square minimization of the measured signals and those predicted by the model, where a non-negative constrain is imposed to avoid the appearance of negative values in the chromophore(s) of interest. Total hemoglobin (HbT) distribution was then calculated by adding the unmixed oxy-and deoxy-hemoglobin values and the sO 2 fraction was calculated by dividing the unmixed oxy-hemoglobin values with HbT. For comparison, the images were also reconstructed using the default back projection based algorithm followed by spectral unmixing using linear regression algorithm [27, 28] , both available as a part of the data analysis software of the scanner.
In order to demonstrate the ability of MSOT to identify the anatomical location of tumors from the midst of normal brain tissue, difference in the reconstructed single wavelength images at 850 and 800 nm (Diff 850-800nm ) was computed using Image J. Tumors appeared as hyperintense signals on the right cortex, the dimensions of which were measured manually on Image J at the largest cross section of the tumor. Tumor volume was estimated as 1/2(Length × Width 2 ).
MR Imaging and Data Analysis
Magnetic resonance imaging was carried out on a 7 Tesla MRI (ClinScan, Bruker Bio Spin GmbH) with a 72 mm volume transmit/ receive coil along with a mouse brain array coil (Rx). After localizing the brain at the isocentre of the magnet, anatomy of the growing tumor was observed using a T2 weighted turbo-spin echo sequence. The MRI imaging was performed with TR/TE = 4050/33 ms. Refocusing pulse FA = 180 o ; in-plane resolution of 70×70 μm, 0.5 mm transverse slice thickness, 32 slices, 2 averages per slice. The tumor volume was manually segmented and measured from the hyper-intense lesion using ImageJ.
Histology
Brain tissues were harvested after euthanizing mice by cervical dislocation and fixed using 10% neutral buffered formalin (Sigma). Fixed tissues were embedded in paraffin blocks and sectioned into slices of 5 μm thickness. Consecutive sections of the brain were subjected to hematoxylin and eosin (H&E) staining for evaluation of tumor morphology and cellularity, and to bright field immunohistochemistry for markers of vascularity -CD34 (EP373Y, Abcam) and hypoxia -Carbonic anhydase IX (CAIX) enzyme (NB100-417, Novus Biologicals). After deparrafinizing and dehydrating, heatinduced epitope retrieval was performed using Bond™ Epitope Retrieval Solution (pH 9.6) for 40 min at 100°C. Slides were then incubated with the primary antibody followed by secondary antibody (goat anti-rat HRP, Invitrogen, Carlsbad, CA; 1:50) for 30 min. Bond™ Mixed DAB Refine was applied for 5 min, and rinsed with deionized water to stop the DAB reaction and counter stained with hematoxylin. Slides were finally dehydrated and mounted in synthetic mounting media. Bright field images of slides were taken using Nikon NiE: Ri2 microscope with DS-Ri2 camera using NIS elements 4.5 software. Tissue sections stained for H&E and CD34 were analyzed by board-certified pathologist. % areas of sections positively stained for CAIX were analyzed using Image J.
Statistical Analysis
Region of interest (ROI)-was drawn manually using ImageJ around the tumors versus healthy brain tissue from the contralateral side on the sO 2 fraction maps to derive the sO 2 fraction values. All data are reported as mean ± standard deviation (SD). Graphs were plotted using Graph Pad PRISM® 7.01. Paired t-test was used to assess the significance of difference in sO 2 fraction values obtained using MSOT between tumor and contralateral side across the animals. One way ANOVA test with Bonferroni's multiple comparison test was used to assess the significance of sO 2 changes upon CA4P administration across different time points for tumor and contralateral side. Unpaired t-test was used for assessing the significance of difference in CAIX (hypoxia marker) stained areas across different time points post CA4P administration. Data was considered significant with P b 0.05.
Results
Anatomical Imaging of Orthotopic Glioblastoma Using MSOT
Three nCr nude mice with orthotopic U87 glioblastoma on the right cortex were used to examine the performance of MSOT to track the tumor growth and development. Strong optoacoustic signals were seen clearly in major blood vessels, such as superior sagittal sinus (SSS, 1), middle cerebral artery (MCA, 2), superficial temporal arteries (TA, 3) and posterior communicating artery (PCA, 4) in the brain crosssectional image at bregma +2 mm recorded at a wavelength of 800 nm ( Figure 1A) , the isosbestic point of hemoglobin absorption in the NIR region. Apart from the major blood vessels, strong optoacoustic signals could be seen from the cortex, in particular the right cortex and altered symmetry in right MCA (red arrow) suggesting the presence of tumor. The difference between the single-wavelength optoacoustic images acquired at 850 and 800 nm ((Diff 850-800 nm ) clearly revealed the tumor location ( Figure 1B) . Interestingly, the shape of the hyperintense signals was similar to shape of the tumor observed on MRI anatomy scan ( Figure 1C) . Moreover, the tumor dimensions measured by MSOT across the largest cross section were similar to those measured by the T2-weighted MRI anatomical images ( Figure S1 ). The same strategy was applied to images acquired pre and 3, 6 and 11 days post tumor cell inoculation ( Figure S2 ) to track the tumor growth and calculate the increase in the tumor volume ( Figure 1D ).
Functional Imaging of Orthotopic Glioblastoma Using MSOT
As oxy-and deoxy-hemoglobin are characterized by unique absorption spectra in the NIR region, MSOT can distinguish between the different oxygenation states in blood, allowing for reconstructing the maps of sO 2 in the brain. However, it could be readily recognized that large areas of the brain are missing information when estimating the sO 2 values with the standard back-projection reconstruction method and setting negative image values to zero ( Figure 2B ). In contrary, the non-negative constrained reconstruction and unmixing method was able to render reasonable sO 2 values in the entire brain ( Figure 2C ). Maps of single wavelength optoacoustic image at 800 nm, oxy-, deoxy-hemoglobin and sO 2 obtained by nonnegative constrained reconstruction and unmixing method for a representative animal are provided in Figure S3 . The tumor mass (15 days post-inoculation, n = 5), was observed to have higher sO 2 of 63 ± 11% as compared with 48 ± 7% (P b 0.05, paired t-test) in the corresponding contralateral side ( Figure 2D ) indicating their hyperoxic status. In older tumors (42 days post-inoculation, n = 3), the sO 2 was 42 ± 5% against 49 ± 4% (P b 0.05, paired t-test) in the contralateral side, indicating their hypoxic status ( Figure 2H) .
In order to validate the sO 2 values of the tumors observed with MSOT, histological analysis was performed on tumors at two time points. The higher sO 2 in tumors 15 days post-inoculation could be attributed to the presence of rapidly dividing (indicated by increased number of mitotic cells, Figure 3A ) poorly differentiated neoplastic cells forming neovasculature to draw sufficient nutrients and oxygen to support their growth. This is further corroborated by the higher Translational Oncology Vol. 11, No. 5, 2018 MSOT imaging of Orthotopic Glioblastoma Balasundaram et al.
degree of vascularity (measured by the number of blood vessels per unit field of view), as indicated by CD34 stain (Figure 3 , B and G), and smaller fraction of the tumor positively stained for CAIX ( Figure 3 , C and H). The lower sO 2 in tumors 42 days post inoculation could be attributed to well differentiated neoplastic cells with fewer mitotic cells indicating a slack in their growth and spread ( Figure 3D ). Lesser degree of vascularity as indicated by CD34 staining (Figure 3 , E and G) compared to tumors that were 15 day post inoculation and increased fraction of CAIX stained tumor areas ( Figure 3 , F and H) corroborate the values observed using MSOT.
MSOT Tracks Hemodynamic Changes in Tumor Upon Administration of Therapeutic Agent
To investigate the utility of MSOT for tracking hemodynamic changes as a part of treatment monitoring, we administered 30 mg/kg of combretastatin A4 phosphate (CA4P), a vascular disruptive agent into 4 animals with tumors that were 15 days post-inoculation. CA4P binds to tubulin and affects the cytoskeleton and morphology of endothelial cells resulting in increased vascular permeability to macromolecules resulting in increased interstitial pressure and thus, shutdown of blood flow [29, 30] . Dynamic changes in sO 2 post CA4P administration is demonstrated in Figure 4A . Immediately after CA4P administration, the sO 2 dropped sharply from 61 ± 9% within the first ten minutes and gradually after that to reach 36 ± 1% (P b .01) at the end of 1 hour (4B and 4C). This drop was attributed by rapid decrease in oxy-hemoglobin levels and increase in deoxy-hemoglobin levels in the tumor ( Figure S4 ), indicative of a disruption to the blood flow leading to fast depletion of the available oxygen and onset of transient hypoxia. Also, a sharp decrease in total hemoglobin was observed within 10 minutes and a 20% decrease over 1 hour ( Figure S4 ). As CA4P is known to have a disruptive effect mainly on the irregularly formed neovasculatures, no significant changes in total hemoglobin or sO 2 were observed on the contralateral side ( Figure 4B ). Four hours post CA4P administration, sO 2 in the tumors reverted to pre CA4P treatment values (63 ± 6%) and remained the same until the last observation time of 6 hours ( Figure 4C ). This suggested the recovery of blood vessels post treatment. In order to validate the changes in sO 2 of the tumors observed using MSOT, histological analysis were performed on tumors at 0, 1 and 6 hours. There was a significant increase in CAIX stained areas at 1 hour compared to 0 and 6 hours post CA4P administration ( Figure 4D ).
Discussion
Optoacoustic imaging has been emerging as a powerful tool in revealing sO 2 with high spatial resolution and sensitivity. While previously published works have shown sO 2 measurement in the superficial cortical vasculature of brain [31] , imaging sO 2 in deeper regions is severely hampered by the strong light attenuation in brain tissue and its wavelength dependent nature, resulting in the so-called spectral coloring effects that can significantly affect the unmixing results. Advanced reconstruction and unmixing approaches that can accurately account for the complex underlying physical phenomena behind optoacoustic signal generation are therefore essential for accurate estimation of sO 2 values. Herein, we experimentally showed that a combined model-based reconstruction and unmixing method incorporating non-negative constrains can render reasonable sO 2 values across the entire mouse brain. Furthermore, upon analyzing the images showing difference in single wavelength images acquired at 715, 730, 760, 800 and 850 nm, hyperintense signals found on Diff 850-800 nm images were useful in locating the tumors while the others were not very useful for identifying hyperoxic tumors. The higher absorption of oxygenated hemoglobin at 850 nm as compared to other wavelengths and its abundance in hyperoxic tumors could have resulted in hyperintense signal in Diff 850-800 nm images at the tumor region. Similarly, the higher absorption of deoxyhemoglobin at 760 nm as compared to other wavelengths and its abundance in the hyperoxic tumors could have resulted in hyperintense signal in Diff 760-800 nm images at the tumor region.
For the first time to our knowledge, we were able to provide a direct comparison of the sO 2 in orthotopic glioblastoma against the healthy contralateral side in whole-brain cross sections. The brain area covered with MSOT is thus comparable to that of small animal CT or MR imaging, but it can additionally provide enhanced functional information. The spatial resolution of MSOT in the range of 150 μm only allows for distinguishing major blood vessels, yet sO 2 could still be estimated reliably across the entire brain by relying on spatially averaged signals. This is evinced by the ability of MSOT to pick up sO 2 in hyperoxic (15 days post tumor inoculation) and hypoxic tumors (42 days post tumor inoculation) against the normoxic contralateral brain and the validation by histological studies.
The real-time imaging capabilities of MSOT represent yet another significant advantage of the technique to evaluate the kinetics and course of action of vascular targeting drugs on orthotopic glioblastoma. Upon CA4P administration, as expected, tumors showed a significant decrease in sO 2 up to 1 hour due to the shutdown of tumor vasculature and recovered almost completely after 4 hours. This is not surprising as a low dose (30 mg/kg) of CA4P is known to result in partial or complete recovery sooner or later after instantaneous reduction in blood flow as demonstrated by us [32] and others [33, 34] . While different techniques like MRI, bioluminescence imaging (BLI) and fluorescence imaging (FLI) have been used previously to understand the mechanism of action or to evaluate the performance of vascular targeting drugs on tumors [12, 35] , they have only offered an indirect estimation of the vasculature damage by evaluating the consequences of vascular shutdown. Contrast-enhanced ultrasound does offer a direct estimation of the damage to the vasculature resulting from the treatment [36] , however with the help of exogenous contrast agents. On the other hand, high resolution intravital microscopy [37] and photoacoustic microscopy [12] , which can provide a direct measure of the vascular growth and shut down upon administration of vascular disruptive agents (VDA), are not capable of deep tissue penetration attained by MSOT. Rich et al. [8] and Bar-Zion et al. [9] have used optoacoustic imaging to investigate the hemodynamics following administration of vascular disruptive agents in superficial xenograft tumors. In the current study, we were able to measure directly the drug-evoked rapid hemodynamic changes in the entire tumor as well as the normal contralateral brain at a reasonable (mesoscopic-scale) spatial resolution of 150 μm. This performance makes MSOT highly appealing for preclinical evaluation of the drug where it is important to understand the effects of the drug on the normal tissue as well in order to evaluate its toxicity on healthy tissues.
There were several limitations to our study. Firstly, the concept of using differences in single wavelength optoacoustic images to perform anatomical imaging of orthotopic glioblastoma was tested on fewer animals (n = 3 each for hyperoxic and hypoxic tumors) with cortical tumors. The sample size should be increased to further validate the hypothesis in tumors located in different regions of the brain and thus to be eventually useful in tumor volume calculation. Moreover, in tumors with mixed hyperoxic and hypoxic areas, this strategy may indicate only parts of the tumor and not the entire tumor, thus restricting the method to tracking of early tumor growth. Secondly, though the combined non-negative constrained reconstruction and unmixing method helped in extracting sO 2 values from most parts of the brain, it could not be of much help in regions below thalamus consistently across all animals. This can be attributed to the strong light attenuation in the brain. A number of efforts are being made to minimize these limitations, including improving the instrumentation, data acquisition and post-processing [7, [38] [39] [40] . Thirdly, we have used CA4P as a vascular perturbation agent looking at its short term effect rather than its long term effect as a therapeutic agent. Investigating long term treatment outcomes may help to establish the potential of MSOT imaging to predict the therapeutic responses. Finally, as no gold standard exists for validating the in vivo deep-tissue sO 2 measurements, the closest validation we provided was histological evidences at cellular scale to support the hemodynamic changes.
Conclusion
In summary, for the first time, we have demonstrated the capacity of MSOT to visualize the location and anatomy of the early tumors and sO 2 in the whole mouse brain in the presence of a glioblastoma. The study emphasizes the importance of post processing algorithms to improve the image quality as well as maximize the information available from this novel imaging modality. The study also establishes MSOT as a treatment monitoring modality by being able to image the hemodynamic changes occurring upon administration of vascular disruptive agent.
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